Abstract
Introduction
provider ratios (these are commonly referred to as 2-step floating catchment area measures) (Luo This can be expanded to account for competition at both the origin and destination locations 3 by incorporating A i into the equation for L j to normalize for the number of opportunities that 4 someone at location, i, can reach.
This form is akin to a doubly constrained spatial interaction model, where balancing factors 6 are used to ensure that the sum of flows from i and destined to j equals the observed amount 7 arriving and departing from each zone (Wilson, 1971; Fotheringham & O'Kelly, 1989) . A i and
8
L j are simply the inverse of the balancing factors in the doubly constrained model. Since L j and
9
A i are mutually dependent, they have to be estimated iteratively until they reach convergence.
10
Convergence is guaranteed if ∑ Oj = ∑ P i (e.g. if the labour force is equal to the number 11 of employment opportunities). Figure 1 shows, for a simplistic linear city, how the measure of 12 competitive accessibility in (3) converges after several iterations. is competition and capacity constraints (e.g. for measuring access to healthcare).
26

Construction of a Comparative Measure
27
The number of people and the number of opportunities in a region is rarely equal. In terms of access
28
to employment, the number of job opportunities rarely equals the size of the labour force within a
29
region. This could be due to workers commuting in and out of the region, unemployed individuals 30 being part of the labour force who are also competing for jobs, people working multiple jobs, or an 31 urban economy with an excess of job opportunities that remain unfilled. The accessibility measures 32 in (3) will not converge given that the total opportunities in the region does not equal the sum of the 33 population who want to access them (i.e. if follows to incorporate this standardization.
A o is the mean accessibility after the first iteration andĀ c is the mean accessibility after each imbalance; one where there is a greater labour force than the number of jobs
8
due to unemployment), the second where
, and the third where
9
due to an excess of employment opportunities). These examples are based on the assumption that Modal split is another important factor to consider when modelling place-based accessibility.
1
In most cities, people travel to work by different travel modes, and compete for jobs within a multi- by car from i to j is faster than the commute by transit. Therefore, we need mode specific measures
5
of A i , and we also need to expand the measure of L j to account for multiple modes (e.g. the labour
6
force that can reach j will be a combination of those who travel by transit and car). This can be 7 accomplished as follows.
Where λ is a travel mode. α i,λ is the mode share for travel to work trips of the labour force at 2 location i and t i,j,λ is the travel time from i to j for the mode, λ. The formula for the population 3 mean level of access is updated to account for multiple modes.
The measures of A i,λ now depend on the mobility each mode provides relative to other modes,
5
as well as the mode share for different zones. Figure 3 exemplifies with a case where we assume 6 that the mode share for each zone is 50% driving and 50% transit and that the impedance function
7
for travel time to each adjacent zone for transit is 90% than that by driving (i.e. f (t T ) = 0.9f (t D )).
8
Since mode share is equal across the region in this example, the mean accessibility by transit is 9 also 90% than that by driving.
10
Figure 3: Example scenario for comparing competitive accessibility between travel modes. 
4
The boundaries of the urban regions for our analysis are Census Metropolitan Areas (CMA).
5
CMAs are agglomerations of municipalities which pertain to urban areas with a population of over 6 100,000 in which at least 50% of the employed labour force works in the region's core, as determined OpenStreetMap data, and then multiplied by a congestion factor, k c , to account for how peak-hour 1 travel is slower than off-peak. The congestion factors were set at 1.7 for Toronto and Vancouver, compare auto and transit given that we scale travel times to the mean level of congestion in the 14 region. As well, there may be some spatial error in using a static exogenous parking parameter.
15
Central areas may have increased parking times as there are more people searching for a spot, but these graphs to compute travel time matrices for each of the eight urban regions in our study.
28
Because of the inherent temporal variations in transit schedules, we follow the precedent in the may make more sense to take the maximum accessibility for 15 minute blocks; but conversely, this 34 may over-estimate accessibility if this is dependent on transfers which may be possible based on 35 the schedule data, but unlikely in reality given congestion and bus-bunching during peak periods.
36
Recent studies have looked at the variation in minute-by-minute accessibility measures (Conway capped at 90 minutes, assuming that no one would be willing to travel to jobs that require more 7 than a 90 minute commute. For our study of Canadian cities, we expand the measure of competitive 8 accessibility presented in (7) to account for a labour force which commutes by car or by transit.
9
This includes averaging transit over the morning commute period (for every minute, τ , from 7:00am 10 to 8:59am) because of temporal variations in transit schedules.
11
A i,T = |120| 
For thousands of zones, and minute-by-minute travel times, the process for computing multiple 1 iterations of competitive accessibility is computationally intensive. Therefore, we stopped iterating 2 when the correlation with the previous iteration was r > 0.999. This level of convergence was 3 reached after 3 or 4 iterations, depending on the city.
4
The results are summarized by region in Table 1 and Figure 4 . We tabulate data for both 5 transit access and auto access, as well as a ratio between transit and auto access, to examine the 6 differences between these two modes. The complete dataset of accessibility measures, as well as 7 the code used to compute them, are publicly available on GitHub (https://github.com/SAUSy-
8
Lab/canada-transit-access). Jobs are only those in the region with a "usual place of work" according to the census, while the labour force also includes the unemployed, those who work at home, and those without a fixed place of work.
§ Mode share for transit is assumed as the total non-driving commuting population (α T = 1 -α D ), and therefore also includes the small percent of those who take active modes (bike or walk)
The maximum levels of transit access across the country are observed in central Vancouver
10
and Toronto. Vancouver has a greater average than Toronto however, likely due to Toronto having 11 a greater abundance of suburban areas with low transit access, pulling down its regional average.
We find very high correlations between the gravity measures of accessibility and the competi- 
Case Study: Inequalities of Transit Access in Canadian Cities
4
We exemplify a use case of these measures of competitive accessibility by analyzing the spatial 5 equity of transit access to employment in Canadian cities. Spatial equity can be defined as how 6 evenly a good or service, like transit provision, is distributed among the overall population over 7 space (i.e. this does not consider differences by socio-economic status). Specifically, we compute Table 3 also compares the results of the competitive measure of accessibility with a non-competitive 15 measure, both computed using the decay function in (12). (12) Overall, there are higher values of inequality for Toronto, Montreal, and Vancouver. These Table 3 indicates that using non-competitive measures of accessibility result in greater levels of 
Conclusion
12
In this paper, we expanded measures of competitive access to destinations so that they can be 
21
We used this formulation to generate comparative measures of access to employment for eight 22 Canadian urban regions, and then described how access to employment varies between these regions.
23
We find that at a regional level Vancouver and Winnipeg have the highest average levels of transit 24 based access to jobs, and Calgary and Edmonton have the lowest. The neighbourhoods with 25 the maximum levels of transit access are in central Toronto and Vancouver. We then used these 26 measures to examine how access to jobs is distributed within these regions using Gini coefficients.
27
We find that access is more equally distributed in the smaller cities like Winnipeg and Quebec City, The application of the formulas presented in this paper examine access to all jobs in a region. 
18
In summary, we recommend that the competitive measure outlined in this paper be used gis-based estimation of accessibility applied to the tel aviv metropolitan area. 
